Laboratory-scale physical modelling was conducted to understand the behaviour of highway embankments constructed on peat foundations. Artificial transparent soil was used to simulate the deformation properties of the peat foundation. The use of a transparent soil allows the determination of spatial deformations underneath the modelled embankment using Particle Image Velocimetry (PIV). The load-settlement behaviour in the field is reasonably simulated in the laboratory-scale physical model. This paper presents the results of a modelled embankment with a geotextile fabric across its base.
Introduction
In Northern Manitoba, hundreds of kilometers of roads are built over peat terrain. Peat is a highly compressible material with very low shear strength, very high moisture content, and very high organic content. Past methods of highway embankment construction over peat deposits included excavation or displacement of peat that resulted in large fill quantities. In many cases fill materials are obtained from bedrock quarries at great distances from work area.
A research partnership was established to improve the understanding of the performance of road embankments on peat terrain in Northern Manitoba. The partners are Manitoba Infrastructure and Transportation (MIT), AECOM Ltd., and the University of Manitoba. The research involved design, construction, and monitoring of a 2 km stretch of new road along the Provincial Road (PR) 373, 200 km southeast of Thompson, Manitoba. The emphasis on embankment construction for this project is the displacement method or without removal of peat. This can result to large settlements, which is a concern for both design and long term maintenance operations.
A test section was instrumented for this study to improve embankment performance on peat deposits. The test section has geotextile wrap-around reinforcement placed at the base of the embankment (Figure 1 ). The test section was constructed when the ground was still frozen for ease of construction and to minimize the negative impact to the environment. The geotextile layer was placed on the surface of the peat before the embankment fill was placed. This provided a separation layer between the fill materials and the underlying peat, preventing sharp corners of the rock to punch (shear) the ground. The peat foundation is 4 m thick, with the first 2 m classified as fibrous peat and the next 2 m as amorphous peat, and is underlain by a stiff clay layer. This paper is a continuation of the results presented by De Guzman & Alfaro (2013a , 2013b and will focus on the physical modelling of the test section using Particle Image Velocimetry (PIV). A complete account of the field performance of the highway embankment is presented in De Guzman & Alfaro (2013b) . Monitored settlements are briefly discussed for the test section. The test section was constructed on April 2011. The road embankment has a base width of 28 m, crest width of 14 m, and height of 3.7 m. About 0.5 m of the ground was still frozen at the time of construction as verified by field technicians using steel bars punched into the ground and using ground temperature readings from thermistors.
The test section is an embankment reinforced with wrap-around geotextile as illustrated in Figure  1 . The geotextile layer was placed on the surface of the peat before the road was constructed. This was envisaged to provide platform for the road and to act as separation layer between the fill materials and the underlying peat.
The test section has recorded settlements (as of July 25, 2012) ranging from 1.8 to 2 m. There was almost 1 to 1.4 m settlement observed for the first month after the start of embankment construction on April 4, 2011. This is nearly 70% of the total settlements. Settlement is gradual for the period of four months after construction until the latest reading. Figure 2 shows the settlement with time at different offsets to the right of the embankment centerline. No readings were made between the period of September 13, 2011 and April 17, 2012 . It is noted that the settlement readings after April 2012 started to become constant.
Physical Modelling
In order to understand the operating mechanisms of the embankment in the field, laboratory-scale physical modelling was conducted. The use of laboratory-scale physical model tests is relatively cheaper compared to constructing full-scale field embankments, though full-scale tests offer better understanding of the actual behaviour of the foundation soil in the field. The laboratory-scale physical model tests can still provide 'idealized' behaviour of the same embankment as cost-effective alternative. The development of an artificial transparent soil as well as the use Particle Image Velocimetry (PIV) to determine deformation is discussed. 
Material Properties
In order to produce a transparent slurry, the ingredients has to be matched to have the same refractive index and mechanical properties. The optimum mix of the slurry to achieve transparency was adopted from the tests conducted by Mohidin et al. (2010) .
The pore fluid was prepared from the blend of colourless mineral oil and a paraffinic oil as solvent. The fluids were mixed at equal weights (50:50 ratio). The fumed silica is 5% of the total weight of the mixture of the paraffin and mineral oil. The oil blend has a refractive index of 1.464 at room temperature (24 o C). The viscosity and density of the oil blend were obtained to be 54.8 mPa-s (54.8 cP) and 868 kg/m 3 , respectively. Mohidin et al. (2010) has determined this combination to produce the clearest end product of transparent soil. Liu et al. (2003) and Iskander et al. (1994) pointed out two main factors that contribute to the clarity of the transparent soil: (1) the right match of the refractive indices of silica and pore fluid used; and (2) the absence of entrapped air and impurities. If these factors are not attained, the mixture will be translucent or opaque. The woven geotextile has grab tensile strength of 890 N and 0.5 mm thickness.
Sample Preparation
The mineral oil, paraffin oil, and fumed silica were uniformly mixed to create a slurry. The fumed silica was allowed to set for 24 hours with the oil mixture to improve workability in mixing. The fumed silica, with the mixture of the paraffin and mineral oil, was thoroughly mixed for 45 to 60 minutes with a rod. This was to ensure that no lumps of fumed silica were left undissolved. The slurry is then de-aired for seven days until the amount of air remaining in the sample is constant. The air bubbles can cause a significant reduction in transparency of the slurry (Welker et al. 1999) . The deairing tanks were routinely agitated while in vacuum to allow the trapped air at the bottom of the tank to surface. Constant agitation will also prevent the separation of the mineral and paraffin oil.
After the slurry is de-aired, the slurry is transferred to the Plexiglas tank. The slurry is then consolidated to achieve the desired preconsolidation pressure. The preconsolidation pressure is taken as 15kPa based on the results of the consolidation tests on peat (De Guzman and Alfaro, 2013a) . The consolidation phase takes 9 days to complete. After the consolidation phase, a scaled embankment is built to transfer the load to the transparent soil, with 1 m is to 8 mm scale.
Test Setup
The test setup consists of a Plexiglas tank, stepless compression motor, charge-couple device (CCD) camera, laser light source, line generator lens, linear variable displacement transducer (LVDT), load cell, and a computer. The Plexiglas tank has dimensions of 600 mm x 200 mm x 450 mm (W x L x H). The load is applied through a rod and rigid plate mounted on the load cell and rigid steel frame. The rigid plate is resting on top of the embankment before loading is started. The LVDT is also mounted on the steel frame and records the displacement as the motor moves the tank upward. A black and white CCD camera with resolution of 1080 x 786 pixels is used. The optical axis of the CCD camera is perpendicularly positioned to the laser light sheet to avoid error in the images taken. The light source is a 40 mW diode laser with a wavelength of 632.8 nm. The line generator lens is used to produce an intense laser light sheet and improve the illumination at the center section of the embankment foundation. Distinctive speckle pattern is produced by interaction between the coherent laser light and transparent soil. Figure 3 shows a typical test setup before the loading phase. The geotextile layer is laid out first before sand is placed. A plastic mold was used as template for the construction of the sand embankment. The sand embankment was cautiously poured to the geotextile layer and side slopes. The embankment was carefully compacted using a small wooden block. A loading rate of 0.5 mm/min was selected. The strain rate was selected to capture a number of images that will be used in the PIV analysis.
PIV Analysis
Two images captured before and after incremental displacements were used to calculate the displacement fields using PIV analysis. PIV is a method of determining velocity fields from seeded flows. The method uses digital image correlation (DIC), a pattern recognition technique, where two consecutive images are compared to obtain relative displacements and magnitude. The correlation function is used in DIC to locate the best matching position of two images to calculate body movements, deformations, and velocity profiles . Only half of the embankment was analyzed because of symmetry. PIV analysis was carried out using PIVview2C Version 3.5.7 by PIVTEC GmbH. Figure 4 shows the results of the displacement field of the modelled test section. Images are scaled to pixels with respect to the length of the base of the model embankment.
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Loading Plate One of the main differences between the field results and the physical model tests is that the load in the field is applied from fill placement and displacements are measured (stress-controlled), while the settlement is applied in the physical model caused by the displacement of the tank from the movement of the stepless compression motor and the load is measured by a load cell (straincontrolled). Only the peat layer was consolidated as a transparent soil in the physical model. The underlying clay layer at the site was not modeled. There was no distinction made between the preconsolidation pressures of the fibrous and amorphous peat layers in the transparent soil. Figure 5 shows the embankment pressure versus settlement (shown in black) for the model embankment at a preconsolidation pressure of 15 kPa. Using the scaling mentioned earlier (1 m in the field is 8 mm in the physical model), the settlement is 14.4 mm in the physical model corresponding to 1.8 m settlement in the field. This settlement corresponds to an embankment pressure of 5.5 kPa and determined to be the final condition since the embankment pressure is almost constant. However, deformation will continue to be recorded unless the stepless compression motor is stopped. It is interesting to note that shear cracks developed at the toe of the physical model embankment and are similar to the cracks observed in the field. No flowing oil was observed at these cracks. The increasing load in the physical model, corresponding to the continuous placement of fill material in the field to reach a target profile, punched the model embankment to the transparent soil. Figure 5 also shows the result of the PIV analysis for model embankment. The spacing of the images considered in the analysis was varied to determine the deformation pattern of the transparent soil material underneath the model embankment. Closely-spaced images will result to overestimating the cumulative deformations while widely-spaced images will underestimate it. It can be observed that the result of using either 7 or 10 images spacing provided agreeable results in comparison with the measured LVDT values. This also means that the deformation of the model sand embankment is negligible. Figure 5 . Embankment pressure vs. settlement curve and PIV analysis for the physical model test Figure 6a shows the vertical deformation at the base of the embankment from the PIV analysis. There are five stages presented: (a) initial stage, (b) 50% yielding, (c) yielding, (d) post-yielding, and (e) end of test. Yielding is determined when the linear elastic behaviour transitions to an elastoplastic behaviour. Post-yielding is determined at a vertical strain of 2.5 to 3.5% (approximately between 5 to 8mm of vertical deformation). Heaving was observed at the toe of the embankment from the initial stage to post-yielding. The heave at post-yielding is approximately 2.5 mm at a distance 130 mm away from the centerline of the model embankment, and a vertical settlement of 7.5 mm at the centerline. At the end of the test, the rigid plate is punching the embankment to the transparent soil rather than transferring the load at the base. Figure 6b shows the horizontal deformations with depth at the toe of the model embankment. Horizontal deformation at post-yielding stage recorded at beneath the toe at a depth of 40 mm is 2 mm. Maximum horizontal deformation is also shown corresponding to the end of the test. Figure 4 presented earlier shows the vertical displacement for the final loading conditions of the test. Axes shown are the image coordinates (in pixels) when the images were taken. The global displacement vectors are also superimposed in the image. The vectors shown are not cumulative results from the initial pair analyzed. They are only with respect to the final loading image pair. Figure  5 shows where concentrations of heaving and settlement are prevalent.
In an attempt to make use of the results from the physical model test, a scale factor, , is introduced to establish this relationship between field and laboratory-scale model test results. The scale factor is defined as the ratio of the actual embankment pressure with the physical model embankment pressure. The scale factor is consistent with the rules of geometric scaling for stresses. The maximum vertical stress induced by the embankment in the field is 70 kPa corresponding to a settlement of 1.8 m. The physical model embankment pressure is 5.5 kPa with settlement of 14.4 mm. Therefore, dividing 70 kPa by 5.5 kPa, the scale factor is 12.7. As discussed earlier, the placement of fill material in the field is stress-controlled, while the load induced in the physical model is straincontrolled. Results from the physical model tests are multiplied by to obtain the embankment pressure in the field. Similarly, scale factor for lengths follow the same procedure. However, one of the assumptions used in the physical model was that the depth of the transparent soil is equal to the depth of peat in the field. Results in Figure 6b support this assumption. There is minimal lateral deformation near the bottom of the test tank. The scale factor for the depth is taken as the ratio of the average depth of peat in the field as 4 m with the recorded height of the consolidated transparent soil, resulting to 18.2. The scaled embankment pressure was normalized by dividing it with the effective friction angle ( ') and preconsolidation pressure of the peat foundation in the field in Figure 7 for the y-axis. The settlement is normalized by the depth of peat in the field. The effective friction angle is obtained from the results of the CI triaxial compressions tests on fibrous and amorphous peat (De Guzman 2015) . In Figure 7 , the average effective friction angle was used. The effective friction angle for fibrous peat is 29 o , and is 31 o for amorphous peat. An effective stress analysis is preferred because of the partially drained conditions of the physical model test, which is consistent with the loading conditions in the field. There are similar methods in estimating the settlement and requirement for fill material such as that of Transports Québec (2012) and Alberta Transportation and Utilities (1988) . These methods are presented in De Guzman and Alfaro (2013b) . These methods, however, are only dependent on the thickness of peat in order to estimate the embankment height including the settlements expected. The graph developed from the physical model test is dependent on the properties of the peat material such as its current preconsolidation pressure, effective friction angle, and depth of peat in the field. 
Conclusions
The use of transparent soil to visualize the deformation patterns of a physical model embankment proved to be effective in determining some observed behaviours of a highway embankment constructed on peat foundations. The deformation patterns observed in the field were reasonably simulated in the laboratory-scale model test. PIV has been used to analyze the results of the physical model test. Results from PIV were used to interpret the vertical deformation and horizontal deformation beneath the toe of the model embankment. A normalized graph dependent on the effective friction angle, preconsolidation pressure, and depth of peat in the field has been generated to assist designers in estimating fill material required to achieve a target road profile.
